Pregnancy-induced hypertension (PIH) is a life-threatening disorder for both mother and fetus; cardiac dys
Introduction
Hypertension complicates approximately 10% of all pregnancies and remains a major cause of both fetal and maternal morbidity and mortality. The most serious problems are associated with preeclampsia-eclampsia, a disorder peculiar to pregnancy. Pregnancy-induced hypertension (PIH) is characterized by blood pressure elevation and proteinuria after 20 weeks of gestation in humans (1) ; the prevention of PIH would have a significant impact on maternal and neonatal outcome. However, the pathophysiology of PIH remains poorly understood. The cardiac enlargement characteristic of normal pregnancy can result in left ventricular dysfunction in the presence of elevated blood pressure. In chronic hypertension, increased cardiac hypertrophy and cardiac remodeling, including tissue fibrosis and myocardial injury, result in cardiac dysfunction. To our knowledge, no studies to date have investigated the pathology of cardiac remodeling and injury in PIH.
The renin-angiotensin system (RAS) is an important regulator of blood pressure, sodium, and fluid homeostasis (2, 3) . In normal pregnancy, estrogen causes increased RAS activity by increasing both tissue and circulating levels of angiotensinogen (ANG) (4, 5) and renin (RN) (6) (7) (8) (9) . Consequently, plasma levels of angiotensin II (Ang II), a vasopressor octapeptide derived from ANG, are increased in association with increased ANG and plasma RN activity during gestation (10, 11) . Normal pregnant women are resistant to the pressor effects of Ang II (12) (13) (14) , and they remain normotensive despite a 2-fold increase in Ang II. On the other hand, vascular sensitivity to Ang II is elevated in preeclamptic women (13) . The diverse actions of Ang II are mediated by several types of receptors expressed in a variety of target tissues. Two Ang II receptors have been identified in humans: AT1 (type 1) and AT2 (type 2). Rodents, on the other hand, express Ang II type 1a (AT1a) and Ang II type 1b (AT1b). In rodents, blood pressure and pathophysiological effects of RAS are primarily mediated by the AT1a receptor (15) . Although the etiology and pathology of PIH remain enigmatic, it is thought that aberrantly activated AT1 signaling is one of the major causes of increased Ang II sensitivity, which causes PIH pathogenesis (16) (17) (18) . However, the detailed relationship between cardiac injury and enhanced AT1 signaling in PIH remains unclear.
We previously generated mice with pregnancy-associated hypertension (PAH) by mating females expressing human angiotensinogen (hANG) with males expressing human renin (hRN) (19) . In PAH mice, maternal hypertension starts from 14 d of gestation (E14) until delivery (E19-20) due to the generation of excessive angiotensin I, the precursor of Ang II, by hRN secretion from the fetus into the maternal circulation (19, 20) . Systolic blood pressure (SBP) at E19 in PAH dams reaches 160 mmHg but remains around 100 mmHg in normal pregnant mice. In addition to hypertension, PAH dams show cardiac hypertrophy and proteinuria and frequently display convulsions. At-term fetuses in PAH pregnancies show severe intrauterine growth retardation (IUGR), and the mean body weight of PAH fetuses at E19 is about 65% of that of wild-type (WT) fetuses (20) (21) (22) . We have previously demonstrated the importance of the AT1 receptor on PIH pathogenesis using PAH mice (20) . Genetic disruption of the AT1 receptor in PAH dams and short-term administration of an angiotensin receptor blocker (ARB) greatly improved the pathology of PAH mice, including hypertension and cardiac hypertrophy (20) . In the present study, we administered the ARB olmesartan during late pregnancy to suppress the redundant AT1 signaling in PAH mice and evaluated the efficacy of this drug on cardiac remodeling. The treatment of PAH mice using olmesartan resulted in remarkable improvement in cardiac hypertrophy, the plasma level of cardiac injury marker, cardiac fibrosis, and damage to cardiomyocytes. These results indicated that the activated-AT1 signaling played a critical role in cardiac remodeling in pregnancyassociated hypertension.
Methods

Animals
As described previously, PAH mice were generated by mating females expressing hANG with males expressing hRN (19 
Administration of ARB
Olmesartan, an ARB, was a gift from Daiichi Sankyo Co., Ltd. (Tokyo, Japan). Olmesartan was dissolved in sterile water containing 0.01% NaHCO3 and 0.01% KHCO3 and administered at a dose of 3 mg/kg/d in drinking water from E13 to E19. This dosage was determined by preliminary experiments to bring the SBP of PAH mice to within 90-120 mmHg. Female mice were classified into four groups: 1) nontreated WT, 2) olmesartan-treated WT, 3) non-treated PAH, and 4) olmesartan-treated PAH.
Measurement of Blood Pressure and Body Weight
SBP was measured in awake animals (each group, n= 11) using a non-invasive computerized tail-cuff blood pressure system (BP-98a, Softron, Tokyo, Japan) as described previously (19, 20, 23) . During measurement, unanesthetized mice were guided into a holder mounted on a thermostatically controlled warming plate and maintained at 37°C. Body weight was measured on E1 and from E9 to E19 (each group, n= 11).
Plasma Creatine Kinase and Creatine Kinase MB Assay
Female mice were anesthetized with diethyl ether on day 19 of gestation. Blood samples were collected from the inferior vena cava into ice-cold tubes containing heparin and immedi-ately centrifuged. After centrifugation, the supernatant as the plasma fraction was stored at −80°C until needed. To assess myocardial injury, plasma levels of creatine kinase (CK) and creatine kinase MB (CKMB) in female mice (each group, n= 4-5) were assayed using a Fuji Dri-Chem 3500 V device (Fuji Film Medical Co., Ltd., Tokyo, Japan).
Histological Analysis
Female mice were euthanized on day 19 of gestation. Their hearts were immediately excised and fixed with 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.2) (each group, n= 3). After being sufficiently washed in PBS, tissues were dehydrated and embedded in paraffin wax. Sections were cut to 5 μm thickness using a rotary microtome (Microm HM340E, Walldorf, Germany). For morphological observation, sections were stained with hematoxylin and eosin. To evaluate cardiac fibrosis, sections were also stained with Masson's trichrome. To determine myocardial damage, we detected cardiac iron accumulation by Prussian blue staining. Stained sections were examined using a Leica DMR/XA fluorescence microscope (Fotoequipment: Leica DC 300F; Leica, Wetzlar, Germany) and a Leica MZ LFIII fluorescence stereomicrocrope (Leica). To evaluate the average cardiomyocyte diameter in the left ventricle, the shortest diameter of each cardiomyocyte was measured in nucleated transverse sections. Two hundred cardiomyocytes per specimen were measured using Win Roof software (Mitani Co., Ltd., Fukui, Japan).
TUNEL (Terminal Deoxynucleotide TransferaseMediated dUTP Nick End Labeling) Assay
To detect apoptotic cells, TUNEL assay was performed on paraffin-embedded heart sections of pregnant mice after 19 d of gestation (each group, n= 3) using the in situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's instructions. For nuclear counterstaining, sections were subsequently stained with Hoechst 33258. The percentage of TUNEL-positive cells in 12 randomly chosen left ventricular wall sections was determined using Win Roof software (Mitani Co., Ltd.). Fluorescence was visualized on a Leica DMR/XA fluorescence microscope (Fotoequipment: Leica DC 300F; Leica).
Statistical Analysis
Results are expressed as the mean±SEM. For two independent samples, statistical comparison was performed using Student's t-test, Welch's t-test, or the Mann-Whitney U test as appropriate. p< 0.05 was considered statistically significant.
Results
Olmesartan Treatment of PAH Mice
First, we examined the effectiveness of olmesartan treatment on PAH pathology in pregnant dams. The SBP remained unchanged during pregnancy in non-treated WT dams (Fig.  1A , opened circle), but began to increase in PAH dams from 14 d of gestation (E14), reaching a peak on the 18th day of gestation (E18) (Fig. 1A, opened square) . Therefore, we administered olmesartan to PAH dams from E13 to E19. Olmesartan significantly lowered the blood pressure of PAH mice to the normal range, except for a slight elevation observed on E18 and E19 (Fig. 1A, closed square) . The blood pressure of olmesartan-treated WT mice was significantly lower than that of non-treated WT mice during treatment, but was within the normal range (Fig. 1A, closed circle) . PAH dams displayed a significant suppression of weight gain during late pregnancy in comparison with non-treated and olmesartan-treated WT dams. However, the weight gain of olmesartan-treated PAH dams was similar to that of nontreated and olmesartan-treated WT dams (Fig. 1B) . These findings indicate that AT1 blockade by olmesartan treatment can effectively reduce blood pressure and normalize weight gain in PAH mice. 
Prevention of Cardiac Hypertrophy in PAH Mice by Olmesartan Treatment
Gross observation of E19 hearts of PAH mice revealed prominent hypertrophy compared with WT and olmesartan-treated PAH mice (Fig. 2A) . The ratio of heart weight to body weight (HW/BW) of E19 PAH mice was significantly increased compared with WT pregnant mice with or without olmesartan treatment. This elevation of the HW/BW ratio was significantly reduced by olmesartan administration, but HW/BW was still higher than in non-treated or olmesartan-treated WT mice (Fig. 2B) . We next measured the plasma levels of CK and its MB fraction (CKMB), which are molecular makers for cardiac tissue injury. Plasma levels of CK and CKMB in E19 PAH mice were significantly higher than in non-treated and olmesartan-treated WT mice. However, the plasma levels of these markers in olmesartan-treated PAH mice were dramatically reduced to the levels of non-treated and olmesartantreated WT mice (Fig. 2C, D) . These results indicate that AT1 blockade by olmesartan treatment prevents the progression of cardiac hypertrophy and tissue injury in PAH mice.
Effect of Olmesartan on Cardiac Remodeling in PAH Hearts
Increased heart weight with hypertension is often accompanied by cardiac remodeling, including ventricular hypertrophy and fibrosis, which can further aggravate cardiac dysfunction. Therefore, we investigated detailed pathological changes and effects of olmesartan treatment on PAH hearts. Heart sections from E19 PAH mice exhibited considerable hypertrophy compared with sections from non-treated and olmesartan-treated WT mice (Fig. 3A, upper) . In PAH mice treated with olmesartan, ventricular hypertrophy was largely prevented and ventricular morphology appeared to be similar to that of non-treated WT mice. In addition, in PAH hearts, the granulation tissues possessing abundant capillary vessels were diffusely observed in the subendocardial layer of the left ventricle (Fig. 3A , lower, arrows), and necrotic features including vacuoles and hydropic degeneration were also observed (Fig. 3B, arrowheads) . Moreover, cardiomyocytes of PAH mice exhibited striking hypertrophy and nuclear swelling compared with non-treated and olmesartan-treated WT mice (Fig. 3B, C) . However, in olmesartan-treated PAH mice, granulation tissues and necrotic features in myocardium were not found (Fig. 3B) , and the hypertrophy and nuclear swelling of cardiomyocytes were partially alleviated (Fig.  3C ).
To further evaluate the effect of olmesartan on cardiac remodeling in PAH mice, we examined cardiac fibrosis using Masson's trichrome staining. Cardiac fibrosis was not observed in non-treated and olmesartan-treated WT mice (Fig. 4) . However, non-treated PAH mice showed remarkable myocardial and interstitial fibrosis (Fig. 4, middle) as well as fibrosis around large blood vessels (Fig. 4, lower) . Myocardial and interstitial fibrosis were apparently prevented by olmesartan administration. These findings indicate that olmesartan prevents cardiac remodeling in PAH mice.
Amelioration of Myocardial Damage in PAH Hearts by Olmesartan Treatment
Cardiac remodeling involves myocardial lesions and apoptosis, resulting in tissue granulation and fibrosis. To further evaluate myocardial damage, we performed Prussian blue staining and found iron deposition and the disruption of cardiomyocytes (24) in E19 hearts. Prussian blue staining did not reveal iron deposition in the hearts of non-treated or olmesartan-treated WT mice. However, at sites of marked cardiac fibrosis in PAH hearts, iron deposition was clearly observed (Fig. 5A, arrowheads) ; this deposition disappeared after olmesartan treatment. Furthermore, we used TUNEL staining to elucidate the effects of olmesartan treatment on myocardial damage in PAH hearts. The numbers of TUNEL-positive cells were significantly increased in PAH hearts in comparison with non-treated and olmesartan-treated WT hearts (Fig.  5B, white arrowheads) , indicating increased apoptosis. The number of apoptotic cells was significantly reduced to the levels of non-treated and olmesartan-treated WT mice by olmesartan treatment (Fig. 5C ). These findings indicate that the AT1 blockade by olmesartan prevents myocardial damage and apoptosis in PAH mice.
Discussion
The purpose of this study was to evaluate the effects of AT1 signaling blockade on cardiac remodeling in PIH. Pregnancy is accompanied by important changes in the maternal cardiovascular system. In particular, cardiac dysfunction associated with cardiac remodeling is a serious risk factor for both mother and fetus during PIH (25, 26) . Recently, maternal cardiac function was studied in normal and complicated pregnancies with respect to the characterization of systolic and diastolic function, as well as morphological parameters of the left ventricle (27) (28) (29) (30) (31) . However, little is known about the mechanisms of cardiac remodeling in PIH.
Circulating Ang II levels increase as pregnancy progresses (32) and are thought to play an important role in the establishment of normal pregnancy. The systemic RAS of PIH mothers is not activated, but suppressed (33); thus, RAS was once considered to be unrelated to the pathophysiology of PIH (33, 34) . However, the vascular sensitivity for Ang II is elevated in preeclamptic mothers (13) . Although the mechanism of increased Ang II sensitivity in PIH long remained unknown, aberrantly activated AT1 signaling was revealed to be a major cause. AbdAlla et al. (16) reported that AT1-bradykinin B2 heterodimerization in platelets and omental vessels occurred more frequently in preeclamptic patients, and they demonstrated that AT1-bradykinin B2 heterodimers facilitate Ang II-induced AT1 signal transduction. In addition, an agonistic autoimmune antibody against AT1 (AT1-AA) was detected in the sera of preeclamptic women; this antibody was associated with maternal and fetal defects in pregnancy (17, 18) . These findings suggest that enhanced AT1 signaling in pregnancy contributes to the pathogenesis of PIH. However, the direct relationship between AT1-mediated pathways and the pathophysiological mechanism of preeclampsia remains unknown.
In the PAH mice used in the present study, elevated maternal blood pressure occurs as the result of excess Ang II generation (19) (20) (21) . Although this marked increase in Ang II is generally not seen in human preeclampsia, facilitated AT1 signaling still appears to play a critical role. Thus, we consider that the PAH mouse model is a useful tool for analysis of PIH. Previously, we detected increased hRN, hANG, and plasma renin activity in the plasma of pregnant PAH/AT1a knockout (KO) mice compared control pregnant mice (20) . Surprisingly, however, the blood pressure of PAH/AT1aKO mice was not elevated in late pregnancy despite the presence of AT1b, a subtype of AT1. Maternal and fetal defects such as cardiac and placental abnormalities as well as IUGR observed in PAH mice were not found in PAH/AT1aKO mice. In addition, limited-term administration of AT1 antagonists to PAH mice in late pregnancy dramatically improved their hypertension and IUGR, indicating that activated AT1 signaling pathways play a critical role in the pathogenesis of the PAH model (20) . In the current study, we focused on the effects of excess AT1 signaling on cardiac remodeling in PAH mice. Olmesartan administration to PAH dams from E13 resulted in decreased SBP and normalization of weight gain, except for an elevation of blood pressure on E18 and E19 (Fig. 1A) . The elevation of blood pressure on E18 and E19 was slight and transient, but not chronic, and the increased weight gain in olmesartan-treated PAH mice was similar to that of nontreated and olmesartan-treated WT mice (Fig. 1B) , suggesting that excess AT1 signaling in PAH mice was successfully suppressed.
Cardiac hypertrophy is the major outcome of cardiac remodeling. In addition to pressure overload, activated-AT1 signaling has also been implicated in cardiac hypertrophy both in vitro and in vivo. Cultured cardiomyocytes stimulated by Ang II become hypertrophic in vitro, and this response is inhibited by AT1 antagonists but not by AT2 antagonists (35) . In mouse hearts, transgenic over-expression of human AT1 or mouse AT1a also induces cardiac hypertrophy (36, 37) . In the present study, cardiac hypertrophy found in PAH mice was prevented by blockade of AT1a pathways ( Fig. 2A) . AT1b was not detected by RT-PCR in hearts of PAH mice (data not shown); this is consistent with the previous finding that AT1a, but not AT1b, was expressed in the hearts of C57BL/6J mice (38) . Therefore, it is likely that AT1a-mediated pathways contribute to cardiac remodeling in PAH mice because cardiac hypertrophy observed in PAH mice was significantly reduced by suppression of AT1 (Figs. 2B and 3B,  C) .
In addition to cardiac hypertrophy, cardiac fibrosis is a critical risk factor for cardiac dysfunction accompanied by cardiac remodeling. Cardiac fibrosis is broadly classified into three types: 1) myocardial and interstitial fibrosis, 2) fibrosis around large vasculature, and 3) cardiac scar formation with granulation (39, 40) . AT1-mediated signaling is thought to contribute to the development of these types of cardiac fibrosis. Non-myocyte-like fibroblasts in the vicinity of cardiomyocytes stimulated by Ang II become hyperplasic and secrete extracellular matrix components; this response is inhibited by antagonists of AT1 but not AT2 (41) (42) (43) . Additionally, Ang II-stimulated vascular smooth muscle cells in the heart produce several growth factors and induce autohyperplasia and fibroblastic proliferation, resulting in the establishment of fibrosis around the vasculature (44) . Cardiomyocyte injury leads to cell death by apoptosis and necrosis, resulting in breakdown of the cardiac structure. To maintain the cardiac structure and function, interstitial and inflammatory cells infiltrate and induce neoangiogenesis, resulting in the formation of the cardiac scar (39, 40, 42, 45) . In the current study in PAH hearts, all three types of cardiac fibrosis were present, but dramatically prevented by olmesartan administration (Fig. 4) . This result demonstrates a difference between cardiac hypertrophy and fibrosis with respect to olmesartan sensitivity. Interestingly, we observed extensive iron deposition and TUNEL staining in PAH hearts with cardiac scarring; these defects were completely prevented by olmesartan administration (Fig. 5) . In addition, AT1 directly activates NADPH-oxidase, enhances the production of oxidative stress, and induces cellular apoptosis (46) (47) (48) (49) . These reactions probably further exacerbate cardiac injuries in PAH hearts.
Recently, it was reported that levels of soluble fms-like tyrosine kinase-1 (sFlt-1) are elevated in the placenta and serum of women with preeclampsia (50, 51) . This factor is thought to be intimately associated with pathogenic aspects of preeclampsia including hypertension, proteinuria, endothelial dysfunction, and IUGR (52, 53) . It was also reported that autoantibodies from women with preeclampsia could induce sFlt-1 synthesis and secretion from the placenta through an AT1-mediated pathway (54) . In our previous report (22) , plasma levels of sFlt-1 were significantly increased in maternal PAH mice at E19 compared with maternal WT mice; this increase might contribute to the pathology of PAH mice. However, the detailed relationship between cardiac remodeling and sFlt-1 in PIH still remains unclear; further study will be required to fully establish this relationship.
In conclusion, our findings provide a new insight into the pathophysiology of cardiac remodeling in pregnancy with hypertension and suggest that treatment with AT1 blockers or other inhibition of aberrant AT1 signaling could effectively ameliorate cardiac dysfunction.
